Abstract--Boron adsorption on 2-0.2-#m size fractions of kaolinite at 25 ~ ---2~ at pH values between 6.0 and 10.5 was studied. The kaolinite sample was pretreated to remove any surface oxide and hydroxide coatings. The initial concentrations of boron in solution ranged between 2 and 10 mg/liter with either KC104 or Ca(C104)2 as background electrolyte at constant ionic strength of 0.09 _+ 0.01 mole/liter. Boron speciation in equilibrium solutions was calculated by using the chemical equilibrium computer program GEOCHEM. The adsorption of boron on kaolinite in either medium showed similar dependence on pH and initial boron concentrations. Boron adsorption at higher pHs was noticeably higher in Ca(C104)2 medium as compared to KC104 medium. These differences were attributed to the formation and adsorption of CaB(OH4) + ion-pair species.
INTRODUCTION
The adsorption reactions of boron on clay minerals and sediments have been studied extensively for two important reasons. Data on boron concentrations in sediments have been widely used as paleosalinity indicators, and several studies have been directed towards understanding adsorption and fixation reactions of this element on clay minerals (Harder, 1961; Fleet, 1965; Lerman, 1966; Couch and Grim, 1968; Jasmund and Lindner, 1972) . Boron is also one of the essential micronutrients for optimum plant growth, and the limits between essentiality and toxicity are rather narrow. Therefore, many investigations have focused on the adsorption of boron on clay minerals in competition with other ions (Metwally, 1961; Hingston, 1964; Sims and Bingham, 1967; Singh, 1971; Keren and Mezuman, 1981; Keren and O'Connor, 1982) . Several factors are known to influence boron adsorption reactions, including pH, initial boron concentration in solution, ionic strength, temperature, and presence of other metals and ligands, and the type of clay mineral surfaces.
Although the adsorption of boron has been shown to differ with the form of the exchangeable cation, this effect has been attributed by some to the influence of the exchangeable cation on the thickness of the diffuse double layer and, thus, the accessibility of boron to potential adsorption sites Keren and O'Connor, 1982) . Reardon (1976) established that borate ions form soluble complexes with alkali and alkaline earth cations. Thus, the formation of borate complexes in solution may affect the adsorption of this element on mineral surfaces. This aspect of boron speciation chemistry and its effect of adsorption behavior has apparently not been studied. Therefore, the objectives Copyright 9 1985, The Clay Minerals Society of this study were to obtain reliable data on adsorption of boron by well-characterized kaolinite surfaces under clearly defined conditions of boron speciation. Specifically, the effects of ion-pair formation on adsorption of boron from Ca and K perchlorite systems under varying pH and initial boron concentrations were studied at a fixed temprature of 25* _+ 2~ and a constant ionic strength.
MATERIALS AND METHODS

Clay preparation
Well-crystallized kaolinite from Washington County, Georgia (KGa-1) was obtained from Source Clays Repository of The Clay Minerals Society. Distilled water suspensions of kaolinite clay (67 g/liter) were dispersed in a blender for approximately 45 min. The suspensions were then adjusted to pH 9.5 with 0.1 M NaOH and divided into 250-cm a polycarbonate centrifuge tubes. Repeated centrifugation and decantation was performed to remove the >2-/zm and <0.2-/~m size fractions. The residual clay (0.2 to 2 tzm) was then suspended in 1.0 M NaCIO4 adjusted to pH 3 with perchloric acid. The clay was repeatedly centrifuged and resuspended in the acidified NaC104 until a pH of about 3 was sustained. The clay was then further centrifuged, decanted, and resuspended in 0.1 M NaCIO4 at pH of 5.5. The prepared suspension was retained for subsequent adsorption experiments in a glove box under N 2 gas. This pretreatment procedure, used to remove oxide and hydroxide coatings from kaolinite surfaces, is similar to that of Sposito et aL (1981) and does not adversely affect the clay surfaces. Scanning electron micrographs of the 0.2-2-tzm clay fraction showed that the kaolinite particles were free of surface coatings.
The specific surface area of the 0.2-2.0-/~m clay was 433 Reardon (1976) determined by the EGME method of Heilman et al. (1965) to be 25 ___ 3 mE/g. Chemical analysis of this clay fraction gave a composition of 44.2% SiO2 and 39.7% A1203 vs. an ideal kaolinite composition of 46.5% and 39.5%, respectively. Total boron in the kaolinite was determined by the NazCO3 fusion method of Hatcher and Wilcox (1950) and found to be 132 gg/g. Less than 1 #g/g of this boron was extractable by 0.01 M mannitol, 0.033 M Ca(C104)z, or 0.2 M ammonium oxalate (pH 3).
Adsorption experiments
All adsorption experiments were conducted in a glove box in a N2 atmosphere. The reagents used in the experiments were prepared in CO2-free deionized water and were stored and used in the glove box. Suspensions of clay in 0.1 M NaC104 were resuspended in solutions of either 0.1 M KC104 or 0.033 M Ca(C104)2 in 250-cm 3 centrifuge tubes and adjusted to preselected pH values by additions of 0.1 M HC104, 0.1 M KOH, or saturated Ca(OH)2.
Adsorption experiments were carried out in 30-cm 3 polypropylene centrifuge tubes to which was added exactly 25 cm 3 of clay suspension containing about 1 g of clay. To each clay suspension, 5.5 cm 3 of solution of the same electrolyte composition and pH containing various concentrations of boric acid was added to provide boron concentration ranging from 2 to 10 mg/ liter. The exact quantity of clay was determined from separate aliquots of the suspensions which were dried and weighed (with corrections for soluble salts). From the calculated mass of clay and its density (2.6 g/cm3), the exact volume of solution in each experiment could be calculated. Capped centrifuge tubes were placed in air-tight bottles and shaken on a reciprocating shaker for 20 hr at 25~ Preliminary experiments indicated that there was no significant change in boron adsorption after the 20-hr equilibration time. Suspension pHs were recorded by potentiometry at the end of the equilibration period. The tubes were then centrifuged and 1-cm 3 aliquots of solution removed for analysis of boron by the Azomethine-H method (John et aL, 1975) . Concentrations of A1 and Si in the supernatants were determined by atomic absorption spectrometry to assess the extent c f kaolinite dissolution during the experiments.
Calculations
The amount of boron adsorbed was calculated from the difference between the amount of boron added and the amount in solution at equilibrium. Adsorbed boron is reported in mole/m 2 to account for differences in specific surface area between different batches of clay suspension. Because of the low percentage of boron adsorbed, careful measurement of soluble boron concentration and an accurate determination of the supernatant volume were critical. Based on duplicate measurements, the calculated adsorption values varied by 15%.
According to Baes and Mesmer (1976) , boron in solution can exist as boric acid molecule H3BO3 ~ borate ion B(OH)4-, and as various polymeric species. The distribution of various species at ambient temperature and pressure is a function of pH and total boron concentration. Borate ions can also exist in soluble complex forms with alkali, alkaline earth, and various trace metal cations (Bassett, 1976) . Therefore, the speciation of boron in equilibrium solutions was computed by the chemical equilibrium computer program GEOCHEM (Mattigod and Sposito, 1979) . The ion activity coefficients were calculated from the Davies equation (Davies, 1962) . The association constants for various boron species that were used in these calculations are listed in Table 1 .
The concentrations of AI and Si in equilibrium solutions averaged 0.71 and 0.39 mg/liter, respectively (at pH 10.5), indicating that the dissolution of kaolinite was insignificant during the adsorption experiment. Inclusion of AI and Si concentrations in speciation calculations did not influence either the boron speciation or the ionic strength.
RESULTS AND DISCUSSION
Boron speciation in equilibrium solutions
The computed speciation of boron in the equilibrated solutions are illustrated in Figures 1 and 2 . In 0.1 M KCIO4 medium, more than 99% of the boron existed as neutral species below pH 7. Above pH 7, the concentration of the B(OH)4-species increased with concomitant decrease in the concentration of undissociated species. The highest concentration ofKB(OH)4 ~ species at higher pHs was in all experiments less than 5% of the total boron in solution. The distribution of boron species in Ca(C104)2 medium of equal ionic strength indicated that boric acid molecules were predominant species below pH 7. Above pH 7, however, the complex boron species CaB(OH)4 + formed an increasing fraction of the dissolved boron, whereas, the B(OH)4-ion constituted < 30% of the dissolved boron. Therefore, at pHs < 7, boron existed mainly as H3BO3 ~ molecules irrespective of the type of electrolyte media. At higher pHs, the effects of ion-pair formation of Ca with boron became apparent. The cationic species CaB(OH), + became the second most dominant soluble boron species, whereas, in KC104 medium of the same strength, B(OH)4-was the dominant species, and the KB(OH)4 ~ species was a minor fraction of the total boron.
Adsorption of boron vs. pH
In Figures 3 and 4 adsorbed boron is plotted against supernatant pH for solutions of KCIO4 and Ca(C10,)2, respectively. Maximum boron adsorption occurred between pH 8.5 and 9.0, close to the pI~ of boric acid in a solution of ionic strength of 0.1. Similar distributions were also observed by Hingston (1964) , Sims and Bingham (1967) , and Keren and Mezuman (1981) for boron adsorption on kaolinite clays. Hingston et al. (1967) hypothesized that maximum adsorption of a weak acid is determined by the probability of the base and its conjugate acid occurring together in equal proportions. The adsorption is greatest at the pK~ of the acid (Hingston et aL, 1967) . At this pH, boric acid is easily deprotonated at the hydroxylated surface by the surface hydroxide such that newly formed water molecules at the surface would be replaced by newly formed borate ions. This mechanism has been widely accepted as specific adsorption ofH3BO3 ~ and B(OH)4-by ligand exchange (Sposito, 1984) . , in contrast, considered that boric acid, borate ion, and hydroxide were each competing for the same adsorption sites, but with different affinities for those sites. That adsorption was increasing up to pH 9 was attributed to the greater affinity of the sites for B(OH)4-rather than H3BO3 ~ whereas above pH 9, decreasing boron adsorption was attributed to increasing competition for the adsorption sites by the hydroxide ion. In the model of , no consideration was made for the occurrence of alkaline earth complexes of borate.
Effect of ion-pair formation on boron adsorption
For solutions of the same ionic strength (0.1), the quantity of boron adsorbed in the presence of K § was essentially indistinguishable from that adsorbed in the presence of Ca 2 § at pHs < 8.5. As pH increased beyond this value, however, boron adsorption in the presence of Ca 2 § was enhanced with respect to boron adsorption in the presence of K § for all initial B concentrations except 2 mg/liter. This effect is illustrated in Figure 5 for an initial boron concentration of 10 rag/liter for pHs from 6.0 to 10.5.
In describing boron adsorption in alkaline solutions the effect of alkaline-earth-borate complexes has been neglected. Figures 1 and 2 illustrate the potential importance of ion-pair formation in K § and CaZ § -inated electrolyte solutions. At pHs greater than 9.5, in the KCIO4 medium, B(OH)4-was the main adsorbing species. Whereas, at the same pH values, in the Ca(CIO4)2 medium, B(OH)4-and CaB(OH)4 + were the principal adsorbing species. It is well established that at higher pHs the negative charges on clay surfaces are dominant. It has also been shown that the edge sites on clays have greater affinity for monovalent ion-pairs than for divalent free metal cations because the magnitude of free energy of desolvation is much less for monovalent ion-pairs as compared to divalent free cations (Stumm and Bilinski, 1973; Sposito et al., 1981; Sposito et al., 1983) . Therefore, CaB(OH)4 § species can effectively compete with Ca 2+ ions and occupy the cation-exchange sites on kaolinite in addition to B(OH)4-ions that occupy the anion-exchange sites. Thus, the differences in boron adsorption can be attributed to the differences in concentrations of adsorbable boron species in KC104 and Ca(C104)2 media, the principal difference in boron speciation in these two electrolyte media being the formation of cationic CaB(OH)4 § species in the Ca(C104)2 medium. It is therefore proposed that the enhaced adsorption of boron in the presence of Ca over solutions dominated by monovalent cations was due to the adsorption of the CaB(OH)4 § ion pair. A comparison of the adsorption behavior of boron in Ca 2+ vs. K § electrolyte systems at pH 8.5 and pH 10.5 illustrates this relationship well (Figure 6 ). The decrease in boron adsorption above pH 9.5 in both ionic media was likely due to competition by (OH)-with B(OH)4-for adsorption sites.
A similar enhancement of boron adsorption in a CaCI2 solution compared to a NaC1 solution of the same ionic strength (0.015) was also observed by for montmorillonite clay at about pH 9, whereas little difference was seen at about pH 7.0. suggested that the effect was due to a depression of the electrical double layer of the montmorillonite clay which allowed closer approach of the borate anion to the adsorption sites at the clay edges. Keren and O'Connor (1982) noted, however, little difference in boron adsorption on illite in Na vs. Ca systems at low ionic strengths (0.02 and 0.015), and at pH values of 9.0 and 8.75, respectively. They attributed this similarity in adsorption to a net reduction of negative charge of the illite clay by charge-balancing interlayer cations. The enhancement of boron adsorption on kaolinite in the presence of Ca over K, as observed in the present study, contradicts this hypothesis because kaolinite, like illite, is a non-expanding clay with low net structural charge.
Several studies of boron adsorption in the alkaline pH range neglected to exclude CO2 from the system and, thus, the precipitation of CaCO3 on clay surfaces was quite possible. In this regard, Kitano et al. (1978) showed that boron could be coprecipitated with CaCO3, but only in the aragonite and not the calcite form. The presence of some Mg 2+ was required to precipitate aragonite. Inasmuch as none of the studies reviewed evaluated boron adsorption on clays in the presence of Mg 2+, it is doubtful that coprecipitation had occurred, however, the effect of clay minerals on the crystal form of the precipitated CaCO3 is not known. In another study, Hingston (1964) observed that the removal of natural CaCO3 from a kaolinite and an illite clay with acetic acid resulted in increased boron adsorption in the pH range of 4 to 9 when compared to untreated clays. He attributed the reduced boron adsorption in the untreated clays to either competition by the bicarbonate or carbonate ion for adsorption sites or to the blocking of adsorption sites by CaCO3. It is evident that boron adsorption behavior on clays with natural CaCO3 or those in systems where CaCO3 may be allowed to precipitate, albeit unintentionally, may inadvertently affect interpretations of boron-clay interactions. Therefore, the precautions adopted in the present study, such as the pretreatment of kaolinite (with a dilute acid) and the exclusion of CO2 from the system, provided a higher degree of reliability of the interpretation of adsorption data.
